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Prevention of L–L interactionlymerase (RdRp) of human parainﬂuenza virus type 3 (HPIV3) is a large protein
(L, 2233 amino acids), and along with the phosphoprotein (P, 603 amino acids) forms a heterocomplex that
transcribes the genome RNA into mRNAs in vitro and in vivo that are 5′-capped and methylated and 3′-
polyadenylated. The interaction of the P protein, an obligatory cofactor, imparts the RdRp activity of the L
protein, which is otherwise inactive. The precise mechanism underlying this activation process remains
unknown. Several recent reports suggested that the L proteins of paramyxoviruses, when expressed alone,
self-associate to form an oligomeric structure. The presumptive oligomerization domain lies in the N-
terminal part of the L protein (for HPIV3, 889 amino acids). Here, we demonstrate that a series of N-
terminally deleted L proteins as well as several truncated proteins that span different regions of the L protein
can also efﬁciently co-immunoprecipitate the full length L protein. In addition, by several biochemical
parameters, the L–L interaction was shown to form aggregates rather than oligomers. In contrast, when the P
protein was co-expressed with the L protein, the former bound to a domain spanning the N-terminal 1060
amino acids of the latter, which prevented L–L self-association, resulting in the formation of structurally
competent and functionally active RdRp.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe virion-associated RNA-dependent RNA-polymerase (RdRp), L
protein, of human parainﬂuenza virus type 3 (HPIV3), like other
members of non-segmented-negative sense-RNA (NNS) viruses, is a
large (2233 amino acids) multifunctional protein (Banerjee, 1987;
Banerjee et al., 1991; Karron and Collins, 2007; Lamb and Parks, 2007).
It interacts with the phosphoprotein, P (603 amino acids) and carries
out several enzymatic activities, both in vitro and in vivo, such as
mRNA synthesis, 5′-capping and methylation and 3′-polyadenylation
(Banerjee, 1987; Banerjee et al., 1991; Karron and Collins, 2007; Lamb
and Parks, 2007). Alignment of amino acid sequences of L proteins
derived from different members of the NNS virus family shows six
highly conserved regions that are joined by variable length of spacer
regions with relatively low sequence homology (Müller et al., 1994;
Poch et al., 1990; Sidhu et al., 1993). Each conserved region is predicted
to perform speciﬁc biochemical functions related to RNA synthesis. So
far, conserved region III (the invariant GDNQ sequence) has been
unequivocally assigned to be the polymerase active site (Sleat and
Banerjee, 1993; Malur et al., 2002a). The conserved region VI (GXGXG
motif) is linked to cap methylation activities (Grdzelishvili et al., 2005;
Li et al., 2005, 2006; Ogino et al., 2005) and recently, certain amino
acids residues within the conserved region V were shown to bel rights reserved.involved in mRNA capping (Li et al., 2008; Ogino and Banerjee,
unpublished data). The precise functions of the other conserved
modules remain unknown at present although several mutational
analyses within blocks I, II and IV have been carried out for SeV, which
gave rise to a spectrum of variable polymerase activity ranging from
partial to complete inactivation of transcription and/or replication
(Chandrika et al., 1995; Feller et al., 2000; Smallwood et al., 1999,
2002b).
The obligatory component of HPIV3 RdRp heterocomplex, the P
protein, possibly a tetramer [in analogy to Sendai virus P (Tarbouriech
et al., 2000)] interacts with the L protein to form a stable and
functional RdRp holoenzyme (Lamb and Parks, 2007). Unlike the L
protein of VSV, the paramyxoviral L proteins appear to be unstable and
prone to degradation when expressed in cells, unless the cognate P
protein is co-expressed (Horikami et al., 1992; Smallwood et al., 1994).
The obligate association of P with L protein is further underscored by
the fact that L protein is not found free in infected cells; it remains
associated with the P protein. Therefore, the possibility exists that the
P protein may act as a chaperone, required for the proper folding of L
protein which provides stability to the RdRp complex. A similar
chaperone-like function of P protein for the nucleocapsid (N) protein
has previously been demonstrated; the N and P proteins form a
soluble N0–P complex that prevents N protein from aggregation and
non-speciﬁc binding to cellular RNAs (Masters and Banerjee, 1988a,
1988b, Majumder et al., 2001, 2004). This complex presumably
initiates encapsidation of the nascent viral RNA chains during
Fig. 1. (A) Schematic representation (not to the scale) of full length HPIV3 L protein (2233 amino acids) and deletion mutants. The boxes indicate the conserved regions I–VI. The
conserved regions were identiﬁed by aligning HPIV3 and SeV L proteins and by comparisonwith other L proteins (Poch et al., 1990). A series of N-terminally deleted L proteins, which
are FLAG-tagged at their C-terminus, were co-expressedwith non-tagged full length L (Lwt) in HeLa cells as described inMaterials andmethods. L C1862, L C1658, L C 1393 and L C863
carry C-terminal 1862, 1658, 1393 and 863 amino acids respectively. N-terminally FLAG epitope tagged L N889 was also co-expressed with Lwt as positive control (Smallwood and
Moyer, 2004). (B) Analysis of L–L interaction by co-immunoprecipitation assay. Proteins expressed in HeLa cells were labeled with 35S and were immunoprecipitated with anti-FLAG
antibody and analyzed by SDS-PAGE followed by autoradiography as described in text. The migration positions of full length L and L deletion mutant proteins are indicated. All
truncated L proteins (including L C863, which lacks 1370 amino acids from the N-terminus) interacted with Lwt. Lwt, without any FLAG tagged truncated L mutant was used as
negative control (lane 7). (C) Analysis of L–L interaction by co-immunoprecipitation assay using different salt concentrations. Lwt and L N889 or L C863 were co-expressed in HeLa
cells, labeled with 35S-methionine and immunoprecipitated using anti-FLAG antibody. Co-precipitated proteins were washed with graded NaCl concentrations. Both L N889 and L
C863 interacted with Lwt up to 600 mM NaCl.
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Banerjee, 1988a, 1988b; Chen et al., 2007; Davis et al., 1986). Also, for
all NNS viruses, the biological function of P depends on oligomeriza-
tion (Ding et al., 2006; Tarbouriech et al., 2000; Choudhary et al.,
2002; Chen et al., 2006), deletion of which renders P protein incapable
of supporting transcription (Choudhary et al., 2002; Chen et al., 2006).
It remains unclear, however, whether the L protein carries out its
function as a monomer or needs to oligomerize to complex with P to
be functionally active. Recently, it was suggested that in several
paramyxoviruses including Sendai, HPIV3 and measles, L protein
forms an oligomeric structure although the precise degree of
oligomerization was not established. The presumptive oligomeriza-
tion domain resides at the N-terminal, 174 amino acids, 889 amino
acids1 and 408 amino acids, respectively, for Sendai, HPIV3 and1 We have corrected the N-terminal 915 amino acids mentioned by Smallwood and
Moyer (2004), as N-terminal 889 amino acids based on L protein of 2233 amino acids
expressed from ORF of L cDNA sequence of Galinski et al. (1988), whereas the previous
report used an incorrect start codon that predicted L protein of 2258 amino acids
(Durbin et al., 1999 and P. Collins personal communication).measles virus (Cevik et al., 2003, 2004, 2007; Smallwood and Moyer,
2004). Consistent with the observed putative oligomerization, the L
protein of SeV appears to function in a modular fashion such that two
inactive L mutants, when co-expressed (in the presence of P protein),
restore viral RNA synthesis in vitro by intragenic complementation,
albeit highly inefﬁciently (Smallwood et al., 2002a). The L protein of
lymphocytic choriomeningitis virus (LCM) amember of the arenavirus
family was also suggested to form such putative oligomers (Sánchez
and de la Torre, 2005).
Based on the fact that L protein does not remain free in the infected
cells (remains bound to the P protein), and coupled with the above
ﬁndings of putative oligomerization of L protein when expressed in
cells, it was of interest to study the nature of such L–L complex
formation and locate, if possible, the oligomerization domain, within
the L protein. To address these questions we used a series of L protein
mutants to study their interactions with the wild type L protein (Lwt).
We were unable to locate any speciﬁc oligomerization domain within
the L protein, since every deleted or truncated L protein mutants
strongly interacted with the Lwt. However, when P protein was co-
expressed with the L protein, L–L interaction did not occur, only (L–P)
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tion, in the absence of P protein, leads to possible aggregation of the L
protein.
Results
L–L interaction as studied by co-immunoprecipitation
Earlier reports suggested that L proteins of paramyxovirus may
form oligomers and that the oligomerization domain resides within
the N-terminal region (Cevik et al., 2003, 2004, 2007; Smallwood and
Moyer, 2004); for HPIV3, the domain resides within the N-terminal
889 amino acids (Smallwood and Moyer, 2004). These studies were
carried out primarily by co-expression of Lwt with only the C-
terminally truncated L proteins followed by immunoprecipitation. To
determine the precise boundary of the oligomerization domainwithin
the L protein, we co-expressed, this time, a series of N-terminally
deleted L proteins (Fig. 1A), tagged with FLAG epitope at their C-
termini, with non-tagged Lwt followed by immunoprecipitation with
FLAG-antibody as described in Materials and methods. As a positive
control, we used (C-terminally deleted) N-terminally FLAG-tagged L
N889 as previously used by Smallwood and Moyer (2004). Surpris-
ingly, all of the N-terminally truncated L proteins interacted with Lwt
(Fig. 1B). These results were unexpected since L C863 and L N889 (the
former does not overlap with the latter) interacted with almost equal
efﬁciency with Lwt, suggesting that there may not be a preciseFig. 2. (A) Schematic representation (not to the scale) of Lwt (2233 amino acids) and deletion
expressed together with Lwt or L C863 or L N889. (B) Analysis of L–L interaction by co-imm
antibody and analyzed by SDS-PAGE followed by autoradiography as described in the text. The
interacted with Lwt, L C863 and L N889.oligomerization domain within the L protein. Both L-fragments (L
N889 and L C863) formed highly stable complexes with Lwt since
immunoprecipitates could bewashedwith NaCl concentration as high
as 600mM (Fig. 1C). These results strongly suggested that the L–L self-
association is mediated possibly via the entire length by hydrophobic
interactions.
Next, we shortened the N-terminal portion to 328 amino acids (L
N328). FLAG tagged L N328 was co-expressed with Lwt or L N889 or L
C863 (Fig. 2A) and immunoprecipitatedwith FLAG antibody. As shown
in Fig. 2B, Lwt, L N889 and L C863 were efﬁciently co-immunopre-
cipitated with L N328 indicating that the latter shorter N-terminal
fragment can also effectively interact with the Lwt. Furthermore, even
a shorter fragment from the C-terminal side, L C189, could also
effectively interact with L N328, His tagged at the N-terminus (Fig. 3A)
as shown by immunoprecipitation with FLAG antibody followed by
Western blot analysis by His antibody (Fig. 3B). Additionally, as shown
in Fig. 3C, with similar experiments involving co-expression and
immunoprecipitation of the differentially tagged N-terminal 129
amino acids of the L protein (L N129), both fragments interacted
with each other. Finally, when L N129 and L fragments expressing 419
amino acids (L 841–1259) or 325 amino acids (L 1371–1695) in the
mid-region of the protein (Fig. 3A) were co-expressed, L N129
interacted strongly with L 841–1259 and L 1371–1695 (Fig. 3D),
suggesting that the observed L–L associations are mediated not via a
deﬁned oligomerization domain but via a non-speciﬁc interaction
leading possibly to aggregation.mutants. N-terminally FLAG epitope tagged N-terminal 328 amino acids (L N328) were
unoprecipitation assay. 35S-labeled proteins were immunoprecipitated with anti-FLAG
migration positions of full length L and L deletionmutant proteins are indicated. L N328
Fig. 3. (A) Schematic representation (not to the scale) of Lwt and deletion mutants. (B) Analysis of L–L interaction by co-immunoprecipitation assay. C-terminally FLAG-tagged C-
terminal 189 amino acids (L C189) were expressed together with N-terminally His tagged N-terminal 328 amino acids (L N328). Cells were lysed and immunoprecipitated using anti-
FLAG antibody coated beads. Western blot analyses were carried out using anti-His or anti-FLAGmonoclonal antibodies for immunoprecipitated (IP) as well as total proteins (lysate).
L N328 was co-immunoprecipitated with L C189 (lane 2 in upper and second panel from top). A similar level of expression of L N328 was conﬁrmed in lysates (lanes 2 and 3 in third
panel from top) and anti-β actin antibody was used to verify the loading control (lower panel). (C) N-terminal 129 amino acids (L N129) were differentially tagged (His or FLAG) and
co-expressed in HeLa cells. Lysates were prepared and immunoprecipitation was carried out using anti-FLAG antibody coated beads. Western blot analysis with anti-His and anti-
FLAG antibody showed that L N129 self-interacts (lane 2, top panel and second panel from top). His tagged L N129 was expressed at a similar level in lysates (lanes 2 and 3 in third
panel from top) and synthesis of actin was used as loading control (lower panel). (D) FLAG-tagged L N129 was co-expressed with L 841–1259 or L 1371–1695. Proteins were labeled
with 35S as described in text. Analysis of L–L interaction by co-immunoprecipitation assay showed L N129 efﬁciently interacts with both the L fragments.
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To gain a better insight into the mode of L–L interaction, FLAG-
tagged L N129, was expressed either singly or together with non-
tagged L C2104 (130–2233 amino acids) or L N328 (Fig. 4A). The
expressed proteins were labeled with 35S and puriﬁed by afﬁnity
chromatography as described in Materials and methods. The presence
of L N129 in the eluent and co-puriﬁcation of L C2104 or L N328 with L
N129 were conﬁrmed by SDS-PAGE followed byWestern blot analysis
against anti-L (for the detection of L C2104), anti-His (for the detection
of L N328) and anti-FLAG (for the detection of L N129) antibodies (Fig.
4B). Moreover, when membrane contains immobilized protein
samples was stainedwith Ponceau S no antibody bands were detected
(data not shown). Therefore, the protein samples were free from
antibody coated beads. An aliquot of the protein samples were then
run in PAGE (10% resolving and 4.5% stacking) under native condition.
Serum albumin was used as control. As shown in Fig. 4C none of the35S labeled protein samples entered the gel but remained at the origin
instead. On the other hand, albumin entered the gel and migrated
according to its molecular weight (66 kDa). Similar results were also
observed when both 15% and 6% native PAGE were used (data not
shown). These results strongly support the contention that L N129
interacted with itself (when singly expressed) as well as with L C2104
or L N328 in a non-speciﬁc manner and formed an apparently high
molecular weight mass by aggregation, which failed to enter the gel,
thus, could not be resolved in native PAGE.
Role of P protein in L–L self-association
It is important to underscore the point that the above studies were
carried out by the expression of Lwt and its mutants in the absence of
P protein. Since the L protein does not remain free in the infected cells
under physiological condition, rather complexed with the P protein, it
was important to study the fate of the observed L–L self-association in
Fig. 4. (A) Schematic representation (not to the scale) of Lwt and deletion mutants. N-terminally FLAG-tagged L N129 was expressed together with L deletion mutants, L C2104 (N-
terminally 130 amino acid deleted) or His-tagged L N328 (contains 1–328 amino acids). (B) Eluted proteins were run on SDS-PAGE and Western blot analyses were performed using
anti-L, anti-His and anti-FLAG antibodies for the detection of L C2104, L N328 and L N129, respectively. (C) Puriﬁed 35S labeled protein samples were run on 10% native PAGE. No 35S
labeled protein samples (lanes 1–3) has entered in gel and remained at the origin. BSA (lane 4), as detected by CBB stain, migrated according to its expected size (66 kDa).
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needed to precisely locate the P protein binding site within the L
protein to compare Lwt and L fragment association in the presence of
P protein that binds or does not bind to the speciﬁc L fragments.
We previously mapped the P protein binding domain to within the
highly conserved N-terminal region (26 amino acids) of HPIV3 L
protein (Malur et al., 2002b) and by mutational analysis we
demonstrated that this region is essential for transcription. A recent
report, however, described that a C-terminally truncated L protein, L
N889, containing the N-terminal 26 amino acids (Smallwood and
Moyer, 2004) failed to interact with the P protein, suggesting that for
binding to P a larger fragment of N-terminal L may be necessary. To
identify the minimum length of L protein required for L–P interaction
we made a series of N- and C-terminally truncated L proteins — L
C2207 (NΔ26), L N889, L N1695, L N1259 and L N1233 (ΔN26) as
shown in Fig. 5A. The Lwt or the mutant L proteins were co-expressed
with C-terminally FLAG-tagged P protein. Cells were labeled with 35S
and immunoprecipitated with anti-FLAG antibody as described in
Materials andmethods. Both N- and C-terminally truncated L proteins,L C2207 (NΔ26) and L N889 (Fig. 5B, lanes 3 and 4, upper panel), as
expected, failed to co-precipitate with P-FLAG protein, conﬁrming the
previous results (Malur et al., 2002b; Smallwood and Moyer, 2004).
However, the two C-terminally truncated L proteins (L N1259 and L
N1695), which increased the length of L N889 by 370 and 806 amino
acids, respectively, were effectively co-precipitated with the P protein
(lanes 6 and 5, upper panel). Also, in control lane, Lwt (lane 2, upper
panel), was co-precipitated with the P protein. When the N-terminal
26 amino acids were subsequently deleted from L N1259, L N1233
(ΔN26), the mutant again failed to bind to the P protein (lane 7, upper
panel). These results strongly suggested that the entire N-terminal
1259 amino acids are required for P protein binding presumably to
fold the L protein properly. The expression of all truncated L proteins
were at similar levels (Fig. 5B, lower panel) since they interacted
efﬁciently with a FLAG-tagged L N129. To determine the precise length
of L protein required to bind to P protein, we constructed three
additional C-terminally truncated non-tagged L proteins designated L
N1160, L N1060, L N960 (Fig. 6A). As shown in Fig. 6B, all truncated L
proteins bound to P-FLAG but the L N960 (lane 5, upper panel) bound
Fig. 5. (A) Schematic representation (not to the scale) of Lwt and deletion mutants. The mutant L protein, L C2207 (ΔN26), lacks 26 amino acids from the N-terminus and carries the
entire C-terminal 2207 amino acids and L N889, carries intact N-terminal 889 amino acids but has lost C-terminal 1344 amino acids. L N1695 and L N1259 carry N-terminal 1695 and
1259 amino acids respectively. The mutant L N1233 (ΔN26) was constructed by deleting N-terminal 26 amino acids from L N1259. (B) Analysis of L–P interaction by co-
immunoprecipitation assay. 35S-labeled cell extracts prepared after transfection were immunoprecipitated with anti-FLAG antibody and analyzed by SDS-PAGE followed by
autoradiography as described in text (top). Levels of expression of full length L and the L mutant proteins were detected by their interaction with L N129 (bottom).
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analysis using a phosphoimager showed that both L N1160 and L
N1060 bound similar to Lwt, whereas, L N960 bound only to 26.8% of
Lwt. Moreover, any small internal deletion (40 amino acids) within the
N-terminal 1060 amino acids led to loss of L–P interaction (data not
shown). Based on these results we conclude that a minimum length of
N-terminal 1060 amino acids of L protein is presumably required for
efﬁcient binding to the P protein; removal of N-terminal 26 amino
acids disrupts the structural integrity of the L protein.
Having established the P protein binding domain in L protein, we
then proceeded to study the effect of co-expression of P protein in the
presence of L fragments that either bind to P protein or unable to
interact. Accordingly, we co-expressed L N889 and L N1233(Δ26)
(which bind with Lwt but not with P) and Lwt with or without P-FLAG
(Fig. 7A). Immunoprecipitation of lysates with anti-FLAG antibody
showed that Lwt when bound to P-FLAG failed to pull-down L N889
and L N1233(Δ26) (lane 3 in Figs. 7B and C). On the other hand, as
expected, N-terminally FLAG tagged Lwt co-immunoprecipitated
efﬁciently both L N889 and L N1233(Δ26) in the absence of P protein
(lane 4 in Figs. 7B and C). Efﬁcient expression level of both L N889 and
L N1233(Δ26) were conﬁrmed (Figs. 7B and C, lower panel). In a
separate experiment, Lwt was co-expressed with L N1060 or L N1160
(which bind to P protein) and with FLAG-tagged P protein (Fig. 7A).
After immunoprecipitationwith FLAG antibody, as expected, both Lwtand L N1060 or L N1160 were pulled down by P-FLAG demonstrating
efﬁcient interaction of P proteinwith both the mutants (lane 3 in Figs.
7D and E). These results strongly suggest that L protein, in the absence
of P protein, forms an aggregated complex with L N889 or L N1233
(Δ26), but co-expression of P protein efﬁciently prevents such
complex formation resulting in the formation of RdRp.
Distribution of L protein inside the cell in the presence or absence of P
protein
To visualize directly the fate of the L protein inside the cell in the
presence and absence of the P protein, L protein was fused with GFP
(L-GFP) as described in Materials and methods and expressed in HeLa
cells either singly or with L N889 or P protein. After 20 h post-
transfection live cells were observed under a ﬂuorescent microscope.
As shown in Fig. 8A, when the L-GFP was expressed alone, in ∼80% of
the GFP expressing cells, the ﬂuorescence within the cells were found
localized as aggregated bodies within the cytoplasm. A similar
ﬂuorescence pattern was observed when L was co-expressed with L
N889. In direct contrast, in cells where L-GFP was co-expressed with P
protein a uniformly diffused ﬂuorescence pattern covering the entire
cytoplasmwas observed. A similar ﬂuorescence pattern was observed
when P-GFP was expressed alone. Expression of P and P-GFP were
detected by Western blot analysis using anti-RNP antibody (data not
Fig. 6. (A) Schematic representation (not to the scale) of Lwt and deletion mutants. The C-terminally truncated non-tagged L proteins (L N1160, L N1060 and L N960) express N-
terminal 1160, 1060 and 960 amino acids respectively. (B) Analysis of L–P interaction by co-immunoprecipitation assay. 35S-labeled cell extracts prepared after transfection were
immunoprecipitated with anti-FLAG antibody and analyzed by SDS-PAGE followed by autoradiography as described in the text (top). Levels of expression of full length L and the L
mutant proteins were detected by+ their interaction with L N129 (bottom). The migration positions of L and P proteins are indicated.
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the L protein prevented L–L self-aggregation leading to redistribution
of L–P complex inside the cell.
Polymerase activity of Lwt in the presence of L fragments and P proteins
To assess the effect of L–L self-aggregation and its prevention by P
protein on transcription, we used a HPIV3 minireplicon system
previously used in our laboratory (Hoffman and Banerjee, 2000).
Following infection of HeLa cells with recombinant vaccinia virus,
HPIV3-MG(-) minireplicon expressing luciferase reporter gene
(200 ng) and with support plasmids encoding N (500 ng), P
(250 ng) and Lwt (100 ng) carrying a T7 promoter, were transfected.
In the ﬁrst round of transcription of the negative sense minireplicon
RNA, encapsidated with the N protein is formed which then is used as
template by the (L–P) heterocomplex. The RdRp activity was assayed
by measuring luciferase activity of the cell lysate. When the assay was
carried out with limiting amount of P protein (250 ng plasmid), the
expression of L N889 or L C863 inhibited minigenome transcription in
a dose dependent manner, suggesting that the fragments interacted
with Lwt and rendered it functionally inactive (Fig. 9A). A similar level
of P protein expression was conﬁrmed in lysates by Western blot
analysis using anti-RNP antibody (Fig. 9B, upper panel) and synthesis
of actin was used as loading control (Fig. 9B, lower panel).
Next, the same minigenome assay was carried out in the presence
of L C863 (100 ng plasmid) and increased synthesis of P protein (300–
400 ng plasmid). As shown in Fig. 9C, the transcriptionwas restored in
a dose dependent manner with an increasing amount of P plasmid
transfection; in the presence of same amount of L C863 and increased
P plasmid concentration (400 ng) the transcriptionwas restored up to
93.6% of the control. Increased level of P protein synthesis was veriﬁed
by Western blot analysis using anti-RNP antibody (Fig. 9D, upper
panel). Synthesis of actin was used as loading control (Fig. 9D, lowerpanel). As expected, L C863 did not interact with P protein (Fig. 9E)
although the mutant L protein interacts strongly with Lwt (Fig. 1B).
These results strongly suggest that the P protein effectively competes
with L C863 to bind to the Lwt, resulting in increased availability of
Lwt for RNA synthesis. Identical result was obtained when we used
another L mutant (L N129) to test the ability of P protein to prevent
negative effect on transcription exerted by the L mutant (data not
shown).
Discussion
The paramyxoviral L proteins form a stable complex with their
cognate P protein in the infected cells to carry out RNA synthesis
(Lamb and Parks, 2007). Although the oligomeric nature of the P
proteins has been well established (Tarbouriech et al., 2000), the
precise subunit composition of the RdRp vis-à-vis the L protein in the
complex remains unknown. Recently, it was reported that several
paramyxovirus L proteins form oligomers when expressed in cells
which is mediated via the N-terminal domain of the L protein (Cevik et
al., 2003, 2004, 2007; Smallwood and Moyer, 2004). These conclu-
sions were based primarily from co-immunoprecipitation studies
exclusively using C-terminally truncated L proteins. To better under-
stand the L protein structure, we wanted to ﬁrst locate the boundaries
within the L protein in which the presumptive oligomerization
domain lies. In the present study, we made a series of both N- and
C-terminally truncated L proteins of HPIV3 and tested their ability to
interact with Lwt by co-immunoprecipitation. Not only did the C-
terminally deleted L mutants pulled down Lwt as reported earlier, but
all N-terminally deleted L mutants did so as well (Fig. 1). Interestingly,
the mutant L protein, L C863, which did not contain the N-terminal
1370 amino acids, hence did not contain the putative oligomerization
domain, also efﬁciently interacted with Lwt (Fig. 1). Moreover, these
L–L interactions were resistant to high NaCl concentration (600 mM)
Fig. 7. (A) Schematic representation (not to the scale) of full length HPIV3 L protein (Lwt, 2233 amino acids) and deletion mutants. Mutant L proteins, L N889 and L N1233(ΔN26), do
not bind with P protein but interact with Lwt. These truncated L proteins were co-expressedwith Lwt in the absence as well as in the presence of P-FLAG and immunoprecipitated. (B)
Analysis of L–L interaction by co-immunoprecipitation assay. 35S-labeled cell extracts prepared after transfectionwere immunoprecipitated with anti-FLAG antibody and analyzed by
SDS-PAGE followed by autoradiography as described in text. The migration positions of Lwt, L N889 and P protein are indicated. Lwt interacts efﬁciently with L N889 in the absence of
P protein (lane 4, upper panel). However, P protein bound Lwt failed to interact with L N889 (lane 3, upper panel). A similar level of expression of L N889was detected in lysates (lower
panel). (C) Similarly, P protein bound Lwt did not interact with L N1233(ΔN26) (lane 3, upper panel) although, they interacted efﬁciently in the absence of P protein (lane 4, upper
panel). (D) In the control experiment, L N1060, which interacts with P protein was co-expressed with Lwt either in presence or in the absence of the P protein. A co-
immunoprecipitation experiment showed that L N1060 and Lwt both can interact with P-FLAG (lane 3). (E) Similarly, L N1160 (that interacts with P protein) when co-expressed with
Lwt and P-FLAG, both Lwt and L N1160 interacted with P protein.
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rather by some hydrophobic interactions. In subsequent deletion
studies, we found that a small C-terminal L protein (189 amino acids)
could also interact with the N-terminal 328 amino acids (Fig. 3).
Surprisingly, L fragments originated from the mid-region of L (L 841–
1259 and L 1371–1695, expressing 419 amino acids and 325 amino
acids respectively) also interacted with L N129 (Fig. 3). Thus, we were
unable to locate any speciﬁc oligomerization domain within the L
protein. Rather, that the L protein, due to its large size, containing
multiple domain structure and exposed hydrophobic regions, self-
interacted leading to “aggregate” formation instead of ordered
oligomerization via a speciﬁc domain. This contention is further
supported by the fact that no truncated L protein or protein complexes
could be resolved in native PAGE (Fig. 4). As an additional conﬁrma-
tion of the above results, we attempted to analyze the sedimentation
proﬁle of the L protein when expressed singly or co-expressed with P
protein in a glycerol gradient. However, our attempts to carry out such
experiments produced inconsistent results possibly due to the lowlevel of expression of L without P protein (Horikami et al.,1992), which
made the detection of L protein difﬁcult after ultracentrifugation.
However, co-expression of P proteins indeed increased the amount
soluble L protein suggesting a possible role of P protein in the
prevention of L–L self-association (data not shown).
To further investigate the role of P protein in L–L self-association P
protein was co-expressed with Lwt in the presence or in the absence
of truncated L mutants. When two deletion mutants (L N889 and L
N1233ΔN26, which individually do not bind with P protein though
they interacted with Lwt) were co-expressed with Lwt in the presence
of P protein, no L–L interactionwas seen (Fig. 7). However, as observed
earlier (Fig. 1) in the absence of P protein two L deletion mutants
interacted efﬁciently with Lwt (Fig. 7). These results clearly indicate
that P protein for its strong afﬁnity interacts with L protein to form the
L–P complex, thus, preventing self-associationwith the Lmutants. The
observed L–P complex formation was further conﬁrmed when we
expressed L-GFP in the presence or absence of P protein in HeLa cells.
The ﬂuorescence emanated from GFP was readily detected as
Fig. 8. (A) L-GFP was expressed in HeLa cells as described in Materials and methods. L-GFP was also co-expressed either with L N889 or P protein. P-GFP was expressed as control. L-
GFP when expressed singly or co-expressed with L N889 formed localized aggregated bodies in cytoplasm. When P proteinwas co-expressed with L-GFP, ﬂuorescence was observed
throughout the cytoplasm indicating P protein prevented aggregation of L-GFP. A similar diffused pattern of ﬂuorescencewas observedwhen P-GFP was expressed alone. Awhite line
in each ﬁgure indicates the length of the cell and a white arrow indicates the point of aggregation inside the cell.
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the absence of P. However, in the presence of P protein a diffused
ﬂuorescence pattern, similar to the ﬂuorescence pattern of P-GFP
expression alone, was observed indicating P protein interacted with L
protein that caused the diffused pattern and, thus, prevented self-
aggregation of L protein.
Finally, we used the minireplicon transcription system to test
whether P protein restores the function of Lwt in the presence of such
L fragments. The L C863 mutant strongly inhibited transcription in a
dose-dependentmanner, when expressed in the presence of a limiting
amount of P protein (Fig. 9). However, with increased P protein
expression, the negative effect on RNA synthesis by the L N863 was
overcome, also in a dose-dependent manner (Fig. 9). A similar result
was obtained when another mutant L protein (L N129) was used
instead of L C863 (data not shown). These results strongly suggest that
P protein prevented non-functional self-interaction between Lwt and
truncated L proteins, thus, increasing the effective concentration of (L–
P) complex formation for increased RNA synthesis.
It is noteworthy that a previous result (Smallwood et al., 2002a)
demonstrated intragenic complementation of two inactive L mutants
to occur in an in vitro reconstitution reaction, albeit, at an extremely
low level. We tested this possibility in our in vivo minireplicon system
using LΔ1215–1255 and LΔ1650–1690 along with the P protein.
We were unable to obtain any restoration of transcription activity
(data not shown). The apparent discrepancy between the two results
may reside in using two different systems, i.e. in vitro and in vivo
reconstitution reactions.
It is well documented that the native fold of a protein is
determined by its amino acid sequences and spontaneous refolding
in vitro is usually efﬁcient for small, single-domain proteins (Anﬁnsen,
1973; Dobson and Karplus, 1999). However, under physiological
condition, proteins, particularly those of multiple domains and large
molecular weights, often tend to misfold due to inappropriate
interactions among regions of the folding peptide chains leading to
aggregation (Hartl and Hayer-Hartl, 2002). Various chaperone factors
inside the cells interact with newly synthesized peptide chains in
order to prevent self-association into disordered, non-native mole-
cular complexes (Hartl and Hayer-Hartl, 2002). The studies presentedin this report support the contention that the P protein, by virtue of its
strong afﬁnity for the L protein gains access to the newly synthesized
N-terminal region of the L protein, and effectively folds before the rest
of the growing L polypeptide chain could interact with the L protein, a
function typically manifested by chaperone proteins in cells. We, thus,
propose that a tetrameric P (analogy to SeV P) must interact with a
monomeric L to provide this chaperone function. Further detailed
structural studies would be needed to precisely establish the subunit
composition of the RdRp.
Materials and methods
Cells and viruses
HeLa cells were used for all experiments in this study. Recombi-
nant vaccinia virus vTF7-3 expressing bacteriophage T7 RNA poly-
merase was propagated in HeLa cells.
Plasmid constructs
pGEM4 L (Galinski et al., 1988), containing L cDNA of HPIV3 was
used for experiments involving expression of full length, non-tagged
HPIV3 L protein (2233 amino acids) in HeLa cells. The same HPIV3 L
cDNA clone was used as template for all the genetic manipulations
using standard molecular biology techniques to construct deletion
mutants as well as introducing FLAG or His epitopes or fusing GFP to
the proteins. Detailed cloning strategies are available upon request. All
constructs were veriﬁed by sequencing.
Coexpression and immunoprecipitation of proteins
HeLa cells in a 6-well plate were infected with vTF7-3 at a
multiplicity of infection (MOI) of 1. At 1 h post-infection, the cells were
transfectedwith the plasmids encoding full length ormutant L (2.5 μg)
or P (0.5 μg) proteins of HPIV3 using Lipofectin (Invitrogen). At 12 h
post-infection, the mediumwas replaced with 2ml of methionine and
cesteine free DMEM, and the incubation was continued at 37 °C. At
14 h post-infection, the cells were labeled with 50 μCi of [35S]-
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cysteine free DMEM for 6 h. At 20 h of post-infection, cells were
washed with cold PBS, lysed with buffer (Roche or a buffer containing
50 mM Tris–HCl (pH 8), 150 mM NaCl, 0.5% NP40, 1 μg/ml aprotinin)and immunoprecipitated with anti-FLAG antibody (Sigma, St. Louis,
MO) conjugated to agarose beads by following the manufacturer's
protocol. The immunoprecipitated complexes were washed with
buffer containing 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, unless
otherwise mentioned. The co-immunoprecipitated proteins were
resolved in SDS-PAGE and visualized by autoradiography or Western
blot analysis.
Puriﬁcation of FLAG tagged proteins and native PAGE
HeLa cells were transfected with plasmids encoding FLAG tagged
N-terminal 129 amino acids of L protein (L N129). HeLa cells were also
co-transfected with FLAG LN129 and a plasmid expressing non-tagged
C-terminal 2104 amino acids (L C2104) or a plasmid expressing N-
terminally His-tagged N-terminal 328 amino acids (L N328).
Expressed proteins were labeled with 35S as described above, puriﬁed
by afﬁnity chromatography using anti-FLAG agarose beads and 1×
FLAG peptide following manufacturer's protocol (Sigma). Eluted
proteins were mixed with native sample buffer containing no SDS or
reducing agent (62.5 mM Tris–HCl, pH 6.8, 40% glycerol, 0.01%
Bromophenol Blue) and run on native PAGE (4.5% staking and 10%
or 15% or 6% resolving). Samples were not heated prior to loading on
gel and electrophoreses were carried out at low current (10 mA).
Bovine serum albumin (BSA) was run as control. Gels were stained
with Coomassie brilliant blue (CBB) for the detection of BSA and 35S-
labelled proteins were detected by autoradiography. A fraction of the
eluted protein samples were separated by 10% SDS-PAGE andWestern
blotted using anti-L, anti-His and anti-FLAG antibodies to identify the
proteins.
Fluorescence microscopy of GFP fused proteins
HeLa cells grown in 12 well plates were transfected with 0.5 μg of
plasmid expressing a C-terminally GFP fused L protein of HPIV3 (L-
GFP). L-GFP was also co-expressed in the same way with N-terminal
889 amino acids (L N889) or P protein. A C-terminally GFP fused P
protein and empty vector (pGEM4) was also expressed as control.
After 20 h post-transfection live cells were observed under a
ﬂuorescent microscope. After taking representative images cells
were lysed and western blotted to conﬁrm expression of P protein.
In vivo minigenome assay
The in vivo HPIV3 minigenome assay was performed as it was
described earlier (Hoffman and Banerjee, 2000) with slight modiﬁca-
tions. In brief, HeLa cell monolayers in 12 well plates, grown to 90%
conﬂuency, were infectedwith recombinant vaccinia virus vTF7-3, at an
MOI of 3. After 1 h of infection cells were washed with PBS and
transfected with HPIV3 minigenome plasmid HPIV3-MG(-) (200 ng)
carrying luciferase reporter gene together with supporting plasmidsFig. 9. (A) Activity of mutant L proteins in minigenome transcription in vivo. HeLa cells
were infected with modiﬁed vaccinia virus expressing T7 polymerase and transfected
with pHPIV3-MG(-) and the support plasmids encoding N, P, and L proteins. At 24 h
post-infection, cell extracts were prepared and luciferase activity was determined. The
activity of L proteins was suppressed when 100 ng L N889 or L C863 was co-transfected.
(B) A similar level of P protein expression was detected by Western blot analysis with
anti-RNP antibody (upper panel) and anti-β actin antibody was used as loading control.
(C) 100 ng L C863 was co-transfected with increased amount of P plasmid (250–400 ng).
The negative effect on transcription by L C863 was recovered with increased P protein
synthesis in a dose dependent manner. Transcriptional activity was restored up to 93.6%
by addition of excess P protein (400 ng). (D) Western blot analysis of the lysates
obtained from the cells expressing the above mentioned proteins. Anti-RNP antibody
was used for the detection of P protein (upper panel) and anti-β actin antibody was
used to estimate the amount of lysates loaded on gel (lower panel). (E) Lwt and L C863
were co-expressed with P-FLAG and labeled with 35S and immunoprecipitated with
anti-FLAG beads. Lwt interacted with P-FLAG (lane 2, upper panel), while L C863 failed
to interact (lane 3, lower panel). Both the proteins were expressed well (lanes 2 and 3,
lower panel).
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(Invitrogen) according to the manufacturer's protocol. After 5 h, trans-
fection medium was removed, cells were washed with PBS and incu-
bated with Dulbecco's modiﬁed Eagle's medium (DMEM) for 24 h. Cells
were lysed in 150 μl of lysis buffer, fromwhich 1.5 μl aliquots were used
to determine luciferase activity in a luminometer (Victor) according to
the manufacturer's instructions (Luciferase Assay Kit; Roche).
Western blot analysis
Protein samples were run on SDS-PAGE and transferred to
nitrocellulose membrane as per standard procedure. Membranes
were incubated with appropriate primary and secondary antibodies
and proteins were visualized by chemiluminescence (GE Healthcare).
For the detection of P protein of HPIV3 a polyclonal anti-RNP antibody
(Malur et al., 2002b) was used. Anti-FLAGM2monoclonal (Sigma) and
anti-His monoclonal (Abcam Inc., Cambridge, MA) antibodies were
used respectively for the detection of FLAG and His tagged truncated L
proteins of HPIV3. For the detection of L C2104 a polyclonal anti-L
antibody (raised in rabbit against C-terminal region of HPIV3 L protein
expressed in E. coli) was used. Nitrocellulose membranes were also
incubated with anti-β actin antibody (Sigma) to estimate the amount
of proteins loaded on gel.
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